sensitive potassium (K ATP) channels couple cellular metabolic status to changes in membrane electrical properties. Caffeine (1,2,7-trimethylxanthine) has been shown to inhibit several ion channels; however, how caffeine regulates K ATP channels was not well understood. By performing single-channel recordings in the cell-attached configuration, we found that bath application of caffeine significantly enhanced the currents of Kir6.2/SUR1 channels, a neuronal/pancreatic K ATP channel isoform, expressed in transfected human embryonic kidney (HEK)293 cells in a concentration-dependent manner. Application of nonselective and selective phosphodiesterase (PDE) inhibitors led to significant enhancement of Kir6.2/SUR1 channel currents. Moreover, the stimulatory action of caffeine was significantly attenuated by KT5823, a specific PKG inhibitor, and, to a weaker extent, by BAPTA/AM, a membrane-permeable Ca 2ϩ chelator, but not by H-89, a selective PKA inhibitor. Furthermore, the stimulatory effect was completely abrogated when KT5823 and BAPTA/AM were co-applied with caffeine. In contrast, the activity of Kir6.2/SUR1 channels was decreased rather than increased by caffeine in cellfree inside-out patches, while tetrameric Kir6.2LRKR368/369/370/ 371AAAA channels were suppressed regardless of patch configurations. Caffeine also enhanced the single-channel currents of recombinant Kir6.2/SUR2B channels, a nonvascular smooth muscle K ATP channel isoform, although the increase was smaller. Moreover, bidirectional effects of caffeine were reproduced on the K ATP channel present in the Cambridge rat insulinoma G1 (CRI-G1) cell line. Taken together, our data suggest that caffeine exerts dual regulation on the function of K ATP channels: an inhibitory regulation that acts directly on Kir6.2 or some closely associated regulatory protein(s), and a sulfonylurea receptor (SUR)-dependent stimulatory regulation that requires cGMP-PKG and intracellular Ca 2ϩ -dependent signaling.
diac myocytes under metabolic stress (38, 50, 52, 61, 72, 77, 87, 91) and contribute to the glucose-sensing mechanism involved in appetite control (7) . In pancreatic ␤-cells, K ATP channels regulate insulin secretion in response to glucose metabolism (6) . In smooth muscles, transmitter-mediated modulation of K ATP channels controls vascular tone: vasodilators stimulate K ATP channels, whereas vasoconstrictors inhibit them (4, 8, 38, 52, 58, 70, 91) . Indeed, K ATP channels have become the therapeutic targets for a variety of diseases including angina, hypertension, and diabetes (52) .
The K ATP channel is an octamer (8, 16, 35, 74) . It is composed of four pore-forming ␣-subunits (Kir6.2 or Kir6.1) (33, 66) , members of the inwardly rectifying potassium (Kir) channel family, and four regulatory ␤-subunits (the sulfonylurea receptor SUR1, SUR2A, or SUR2B) (3, 34, 37) , members of the ATP-binding cassette (ABC) protein superfamily. Partial complexes with fewer than eight subunits do not reach the cell membrane because of the exposure of an endoplasmic reticulum (ER) retention/retrieval signal that is present in each subunit (92) . Truncation or mutation of the ER retention/ retrieval signal located at the COOH terminus of Kir6.2 permits the functional expression of tetrameric Kir6.2 channels on the cell surface in the absence of SUR (83, 92) . Native K ATP channels in different tissues are composed of Kir6.x subunits in combination with different SUR subunits. For example, K ATP channels in pancreatic ␤-cells and most central neurons contain Kir6.2 and SUR1 (2, 33) . Cardiac and skeletal muscle K ATP channels are composed of Kir6.2 and SUR2A (34, 56) . K ATP channels in nonvascular smooth muscle and certain central neurons in the substantia nigra (SN) consist of Kir6.2 and SUR2B (37, 47, 89) . The sites mediating ATP inhibition are located in the Kir6.2 subunit, but the SUR subunit can further modulate the ATP sensitivity of K ATP channels (23, 39, 53, 73, 82, 83) . Moreover, the SUR subunit confers the channel sensitivity to sulfonylurea drugs (inhibition) as well as to MgADP and synthetic K ATP channel openers (stimulation) (4, 8, 38, 52, 70, 83) .
Caffeine (1,2,7-trimethylxanthine) is a natural compound found in cocoa beans, cola nuts, coffee, and tea and is highly membrane permeable. The actions of caffeine include the release of calcium from intracellular stores (14, 64) , inhibition of phosphodiesterase (PDE) (46, 63) , and antagonism of adenosine receptors (51) . It has also been demonstrated that caffeine at high concentrations acts as an inhibitor of several potassium channels, including depolarization-activated potassium channels in sympathetic neurons, secretory cells (59) , taste receptor cells (93) , and ventricular myocytes (67) ; calciumactivated potassium (K Ca ) channels in GH 3 pituitary cells (41) , sympathetic neurons (59) , secretory cells (59) , vascular smooth muscle cells (54) , and taste receptor cells (93) ; human ether a-go-go-related gene potassium (hERG) channels in transfected mammalian cells (17) ; Kir channels in GH 3 rat anterior pituitary cells (9) , ventricular myocytes (15, 67, 85) , and taste receptor cells (93) ; K ATP channels in pancreatic ␤-cells (36) and smooth muscle cells (80) ; and recombinant two-pore domain potassium channel TREK-1 in Chinese hamster ovary (CHO) cells (26) . On the other hand, caffeine has also been shown to increase potassium efflux in skeletal muscle (86) and to activate K Ca channels in adrenal chromaffin cells (55) . How caffeine modulates the K ATP channels in intact cells, however, was unclear, as the patch configuration (i.e., inside-out mode) used in previous studies (36, 80) may not allow detection of channel modulation involving intracellular signaling; in addition, the ion channel conductance inhibited by caffeine in urethra (80) seems too small for nonvascular smooth muscle K ATP channels (37, 89) .
To understand how caffeine regulates the function of K ATP channels, we performed single-channel recordings of recombinant Kir6.2/SUR1, Kir6.2/SUR2B, and Kir6.2LRKR368/369/ 370/371AAAA (i.e., Kir6.2FL4A, a trafficking mutant; Ref. 92 ) channels in transiently transfected human embryonic kidney (HEK)293 cells as well as the endogenous K ATP channels expressed in rat insulin-secreting Cambridge rat insulinoma G1 (CRI-G1) cells in both cell-attached and inside-out patches. The cell-attached patch configuration was included to preserve the cell integrity for the determination of potential signaling pathways, whereas the inside-out patch configuration was used to detect any direct effect that does not require diffusible cytosolic messengers. Here we report for the first time that caffeine exerts dual regulation on the function of K ATP channels. Caffeine stimulates the K ATP channel via suppression of PDE activity, which hydrolyzes cGMP and consequently leads to PKG activation, along with activation of some Ca 2ϩ -dependent mechanism, while it exhibits a relatively weak inhibition of channel function via direct interaction with the Kir6.2 subunit or some closely associated regulatory protein(s). The potent stimulatory action appears to predominate over the inhibitory effect of caffeine on the K ATP channel in intact cells. These findings also raise caution against the simple interpretation of experiments employing caffeine to study Ca 2ϩ -dependent transduction pathways in cells expressing K ATP channels.
MATERIALS AND METHODS

Construction of cDNAs
To reconstitute the pancreatic/neuronal-type and smooth muscletype KATP channels, cDNAs encoding SUR1 (hamster), SUR2B (rat) and Kir6.2 (mouse) were used. In addition, cDNAs encoding Kir6.2FL4A, a trafficking mutant that can be functionally expressed without SUR, were also used. All cDNA constructs were verified by DNA sequencing and subcloned into expression vector pcDNA3 (Invitrogen, Carlsbad, CA). Plasmids prepared with Qiagen maxipreps (Qiagen, Valencia, CA) were used for transient transfection.
Cell Culture and Transient Transfection of HEK293 Cells
HEK293 cells (American Type Culture Collection, Manassas, VA) were maintained in DMEM/F12 (Mediatech, Herndon, VA; supplemented with 2 mM L-glutamine, 10% fetal bovine serum, 100 IU/ml penicillin, and 100 g/ml streptomycin) at 37°C in humidified 5% CO 2. Cells were transiently transfected using the FuGENE 6 reagent (Roche, Indianapolis, IN) mixed with expression plasmids containing cDNAs of interest in serum-free medium. A marker gene encoding the green fluorescent protein (pEGFP-1; Clontech, Mountain View, CA) was co-transfected with cDNAs of interest in a ratio of 1.5:10. Transfection was carried out according to the manufacturer's protocols. The cells were replated the following day at a density of 5,000 -20,000 cells/dish onto 12-mm glass coverslips precoated with 1.5 g/ml fibronectin (Sigma-Aldrich, St. Louis, MO) to be recorded 48 -72 h after transfection (45) .
Cell Culture of Insulin-Secreting Rat Pancreatic Islet Cell Line CRI-G1
Insulinoma CRI-G1 cells (ECACC, Wiltshire, UK) were maintained in DMEM (supplemented with 2 mM L-glutamine, 5% fetal bovine serum, 50 IU/ml penicillin, and 50 g/ml streptomycin) at 37°C in humidified 5% CO 2 as described by Carrington et al. (13) . Cells were plated onto 12-mm glass coverslips precoated with fibronectin at a density of 10,000 cells/dish and were used for recordings for a few days.
Electrodes, Recording Solutions, and Single-Channel Recordings
The recording electrodes were pulled from thin-walled borosilicate glass with an internal filament (MTW150F-3; World Precision Instruments, Sarasota, FL), using a P-97 Flaming Brown puller (Sutter Instrument, Novato, CA), and were fire-polished to a resistance of 5-10 M⍀. The intracellular (bath) solution consisted of (in mM) 110 KCl, 1.44 MgCl 2, 30 KOH, 10 EGTA, 10 HEPES, pH to 7.2. The extracellular (intrapipette) solution consisted of (in mM) 140 KCl, 1.2 MgCl 2, 2.6 CaCl2, 10 HEPES, pH to 7.4. The same combination of recording solutions was used for recordings performed in both HEK293 and CRI-G1 cells. For both inside-out and cell-attached single-channel recordings (24) , the recording chamber (RC26; Warner Instruments, Hamden, CT) was filled with the intracellular solution, and the recording pipette was filled with the extracellular solution. The use of symmetrical recording solutions (140 mM K ϩ ) in cellattached as well as inside-out patch recordings resulted in an equilibrium potential for potassium (E K) and a resting membrane potential (Vm) ϳ0 mV in both cell types, as determined from the I-V relationship of the KATP channel. All recordings were carried out at room temperature, and all patches were voltage clamped at Ϫ60 mV intracellularly (i.e., with ϩ60-mV intrapipette potentials) unless otherwise specified. Single-channel currents were recorded with an Axopatch 200B patch-clamp amplifier (Molecular Devices-Axon Instruments, Sunnyvale, CA) and were low-pass filtered (3 dB, 2 kHz). Single-channel data were acquired and digitized at 20 kHz online using Clampex 9 software (Axon) via a 16-bit A/D converter (Digidata-acquisition board 1322A, Axon).
Preparations of Drugs
Caffeine (0.6, 6, and 30 mM) was prepared fresh daily from powder with bath recording solutions. Stock solutions of all other drugs were prepared in DMSO and stored at Ϫ80°C in aliquots. Working solutions of 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetra-acetic acid tetrakis(acetoxymethyl ester) (BAPTA/AM; 50 M), thapsigargin (Tg; 0.1-0.2 M), 3-isobutyl-1-methylxanthine (IBMX; 0.5 mM),
, and glibenclamide (5 M) were diluted from aliquots before use with bath recording solutions. These inhibitors were chosen based on their relatively high selectivity for specific target proteins and were used at working concentrations within the range showing little or no cross-reaction. All working drug solutions were put on ice and kept away from light. A small recording chamber was used, and drugs were applied through a pressure-driven perfusion system (BPS-8; ALA Scientific Instruments, Westbury, NY) via a micromanifold positioned closely to cell-attached or inside-out patches.
Data Analysis
Single-channel currents. Digitized single-channel records were detected with Fetchan 6.05 (events list) of pCLAMP (Axon) using 50% threshold crossing criterion and analyzed with Intrv5 (Dr. Barry S. Pallotta, University of North Carolina, Chapel Hill, NC; and Dr. Janet Fisher, University of South Carolina, Columbia, SC). Analysis was performed at the main conductance level (ϳ70 pS). Only patches with infrequent multiple-channel activity were used for single-channel analysis. Duration histograms were constructed as described by Sigworth and Sine (75) , and estimates of exponential areas and time constants were obtained using the method of maximal likelihood estimation. The number of exponential functions required to fit the duration distribution was determined by fitting increasing numbers of functions until additional components could not significantly improve the fit (31, 49) . Events with duration Ͻ1.5 times the system dead time were not included in the fit. Mean durations were corrected for missed events by taking the sum of the relative area (a) of each exponential component in the duration frequency histogram multiplied by the time constant () of the corresponding component.
Multiple-channel currents. In patches where multiple-channel activities of K ATP channels were observed for Ͼ10% of recording time, the digitized current records were analyzed using Fetchan 6.05 (browse) of pCLAMP to integrate currents in 120-s segments. The current amplitude (I) values (current amplitude ϭ integrated current/ acquisition time) were then normalized to the corresponding controls obtained from the same patches to yield normalized open probability (NPo) (control as 1), as the normalized current amplitude was equivalent to the normalized NPo obtained from single-channel analysis when the single-channel conductance remains the same (see Current normalization).
Current normalization. Normalized current amplitude I drug/Icontrol ϭ (NPo⅐i)drug/(NPo⅐i)control ϭ NPodrug/NPocontrol ϭ normalized NPo, where i represents the single-channel conductance and I represents the macroscopic current amplitude. The normalized NPo values obtained from both single-channel and multiple-channel patches were then pooled and are presented as bar graphs (see Figs. 1B, 2D, 3F, 4F, 5B, and 6F) and in Table 1 , the only exception being the NPo values of endogenous K ATP channels obtained from CRI-G1 cells in the cellattached patch configuration (see Fig. 6 , A and B), which were compared before and during caffeine treatment in individual patches using absolute values (pairwise comparison) without normalization, as not all cell-attached patches obtained from these cells exhibited detectable K ATP channel activity in the control condition. In contrast, data obtained from the inside-out patches excised from CRI-G1 cells as well as all data obtained from HEK293 cells were normalized to the corresponding controls obtained in individual patches (taken as 1), as all these patches exhibited K ATP channel activity in the control condition.
Statistics
Data were averaged and are presented as means Ϯ SE. Statistical comparisons were made using Student's two-tailed one-sample, paired or unpaired, t-tests or one-way ANOVA followed by Dunnett's multiple comparison test. Significance was assumed when P Ͻ 0.05. Statistical comparisons were performed using Prism (GraphPad Software, San Diego, CA).
RESULTS
The regulation of K ATP channel function by caffeine was examined in transiently transfected HEK293 cells expressing octameric Kir6.2/SUR1, Kir6.2/SUR2B, or tetrameric Kir6.2FL4A channels as well as in rat insulinoma CRI-G1 cells expressing native K ATP channels, using electrophysiological recordings. Both cell-attached and inside-out patch configurations were employed. To determine the potential signaling mechanisms involved in caffeine-induced K ATP channel modulation, we monitored the effects of several PDE inhibitors, including IBMX (nonselective), zaprinast (selective for cGMPspecific PDE), and Ro-20-1724 (selective for cAMP-specific PDE), on the function of Kir6.2/SUR1 channels. We also examined the impact of intracellular buffering (by BAPTA/ AM, a membrane-permeable Ca 2ϩ chelator) as well as inhibition of PKA (by H-89, a selective PKA inhibitor) and PKG (by KT5823, a selective PKG inhibitor) on the stimulatory effects of caffeine. Our results suggest a novel caffeine-induced stimulation of K ATP channels through cGMP-PKG and Ca 2ϩ -dependent signaling in intact cells, in addition to an inhibitory action directly on the Kir6.2 subunit or some closely associated regulatory protein(s).
Caffeine Enhanced the Single-Channel Currents of Recombinant Kir6.2/SUR1 Channels, a Neuronal/Pancreatic K ATP Channel Isoform, in a Concentration-Dependent Manner
Caffeine, a membrane-permeable compound, has been suggested to alter the function of several potassium channels, including K ATP channels (36, 80) . In some of the previous studies investigating how caffeine modulates ion channel function, intracellular signaling components might have been lost because of the use of cell-free or conventional whole cell modes of recordings. To prevent this potential problem, cellattached patch recordings were employed in the present study to elucidate the signaling mechanism underlying K ATP channel modulation induced by caffeine. Recombinant Kir6.2/SUR1 channels were expressed in HEK293 cells by transient transfection, and the currents were recorded in symmetrical 140 mM potassium solutions. Both the E K and the V m were ϳ0 mV, as determined from the I-V relationship of the currents. The single-channel currents obtained from positively transfected cells exhibited an inwardly rectifying I-V relationship, ATP sensitivity (i.e., current increase on patch excision to an ATP-free bath), and single-channel conductance at ϳ70 pS (at Single-channel recordings of Kir6.2/SUR1, Kir6.2FL4A, and Kir6.2/ SUR2B channels in cell-attached patches were performed at Ϫ60 mV in symmetrical 140-mM K ϩ solutions. Caffeine (30 mM) was applied to the cells by a pressure-driven perfusion system. The single-channel properties were obtained as described in MATERIALS and METHODS. All values were normalized to the corresponding controls obtained in individual patches before caffeine application (control taken as 1) and averaged and are presented as means Ϯ SE. Significance levels are *P Ͻ 0.05, †P Ͻ 0.01, and ‡P Ͻ 0.001 (two-tailed one-sample t-tests).
hyperpolarizing membrane potentials), all characteristic of the expression of K ATP channels. To determine how caffeine modulated K ATP channel function in intact cells, we monitored changes in the single-channel currents of recombinant Kir6.2/ SUR1 channels before and during caffeine application in cellattached patches. All patches were voltage clamped at Ϫ60 mV intracellularly, and the single-channel openings of K ATP channels are displayed as upward deflections throughout this study. At increasing temporal resolution (Fig. 1A , Control, top to bottom traces), single-channel openings of Kir6.2/SUR1 channels could be resolved into singular openings and bursts of openings. Application of caffeine (30 mM) via a closely positioned perfusion tubing induced marked enhancement of Kir6.2/SUR1 single-channel currents within 2 min, and the response reached a plateau within 6 min after initiating drug perfusion. The apparent opening frequency and burst duration were increased, whereas the single-channel conductance remained the same, during caffeine application (Fig. 1A , Caffeine). The caffeine effects were partially reversible with bath wash (data not shown); hence, only the responses obtained during the first caffeine application to individual cells were included for statistical comparisons.
To quantify how caffeine alters the function of K ATP channels, the single-channel properties of Kir6.2/SUR1 channels in patches with suitable activity level (i.e., Ͻ10% of total openings exhibiting multiple-channel opening pattern) were obtained by performing single-channel event detection and analysis (see MATERIALS In addition, we also analyzed the functional changes of channels in patches with higher activity (i.e., exhibiting multiple-channel openings for Ͼ10% of the total openings), which was not suitable for the aforementioned single-channel analysis. In these patches, integration of total currents was performed in lieu of single-channel event detection. The integrated current values were divided by the acquisition time (duration) to yield mean current amplitudes (pA), followed by normalization to the corresponding controls obtained in the same patches. These values were then pooled with the normalized NPo data obtained from single-channel patches and are presented as "normalized NPo" (see MATERIALS AND METHODS). Through such analyses, it was apparent that the stimulation of Kir6.2/SUR1 channels by caffeine was concentration-dependent (Fig. 1B) : the normalized NPo values were 2.12 Ϯ 0.20 ( Fig. 1B ; P Ͻ 0.05, 4 patches), 6.74 Ϯ 1.30 ( Fig. 1B ; P Ͻ 0.05, 4 patches), and 25.17 Ϯ 4.67 ( Fig. 1B ; P Ͻ 0.001, 9 patches) during application of caffeine at 0.6, 6, and 30 mM, respectively (two-tailed one-sample t-test). It should also be noted that the increase in the normalized NPo pooled from all patches (25.17 Ϯ 4.67, including both single-channel and multiplechannel patches; Fig. 1B ) was larger than that estimated solely from single-channel patches (15.24 Ϯ 1.34; Table 1 ) by 30 mM caffeine. This was due to the contribution of the patches exhibiting stronger responses (and hence inducing multiplechannel current responses) to caffeine in the former but not the latter group. In either case, our results revealed a novel finding that caffeine was a strong stimulant for recombinant Kir6.2/ SUR1 channels in intact HEK293 cells. Significance levels are as follows: *P Ͻ 0.05 and ***P Ͻ 0.001 (two-tailed one-sample t-tests).
Nonselective PDE Inhibitor IBMX Mimicked the Stimulatory Effects of Caffeine on Recombinant Kir6.2/SUR1 Channels
Caffeine is a potent, nonselective PDE inhibitor. Inhibition of PDE leads to accumulation of intracellular cyclic nucleotides, such as cGMP and cAMP. Indeed, accumulation of cyclic nucleotides induced by caffeine has been demonstrated in several cell models, such as mouse papillae tissue (63) and opossum gallbladder muscle (46) . Accumulation of cyclic nucleotides is also obtained using other PDE inhibitors, including those chemically related (such as theophylline; Ref. 63) and unrelated to caffeine (84) . Would inhibition of PDE be responsible for the caffeine-induced stimulation of Kir6.2/ SUR1 channels? Caffeine and theophylline as well as IBMX are classic methylxanthines that nonselectively inhibit PDE activity. We thus examined the activity of Kir6.2/SUR1 channels before and during bath application of IBMX to cellattached patches obtained from positively transfected HEK293 cells. IBMX (0.5 mM) increased the single-channel currents of Kir6.2/SUR1 channels from the control level in the same patch ( Fig. 2A , Control vs. IBMX); the apparent opening frequency and burst duration were increased, while the single-channel conductance remained unchanged. The averaged normalized NPo of Kir6.2/SUR1 currents obtained from a total of seven patches during application of IBMX was 9.61 Ϯ 2.92 (control as 1) ( Fig. 2D ; P Ͻ 0.05, two-tailed one-sample t-test). These data indicated that nonselective inhibition of PDE activity in intact HEK293 cells resulted in enhancement of recombinant Kir6.2/SUR1 channel function, an action that may account for the stimulation of K ATP channels by caffeine. The normalized NPo data obtained from patches treated with 30 mM caffeine (same data as shown in Fig. 1B ) are also displayed in Fig. 2D for the purpose of comparison.
Inhibition of cGMP-Specific PDE Increased Kir6.2/SUR1 Single-Channel Currents
Activation of Kir6.2/SUR1 channels by the nonselective PDE inhibitors caffeine and IBMX suggests that accumulation of cyclic nucleotides such as cGMP and/or cAMP may positively modulate K ATP channel function. To determine whether the increase of intracellular cGMP levels was sufficient to enhance K ATP channel function, zaprinast, a selective inhibitor of cGMP-specific PDEs (i.e., PDE-5 and PDE-9), was applied to cell-attached patches obtained from transfected HEK293 cells expressing Kir6.2/SUR1 channels. Bath application of zaprinast (50 M) increased Kir6.2/SUR1 single-channel currents from the control level obtained before drug treatment in the same patch (Fig. 2B , Control vs. Zaprinast); the apparent opening frequency and burst duration were increased, whereas Significance levels are as follows: *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 (two-tailed one-sample t-tests). the single-channel conductance level was unaltered. The normalized NPo of Kir6.2/SUR1 channels averaged from a group of five patches was 7.95 Ϯ 1.40 (control as 1), which represented significant enhancement caused by zaprinast ( Fig. 2D ; P Ͻ 0.01, two-tailed one-sample t-test). These results indicated that accumulation of cGMP by PDE inhibition effected the activation of Kir6.2/SUR1 channels in intact HEK293 cells. Caffeine has been demonstrated to increase the tissue cGMP content (46, 63) ; a similar action of caffeine may occur in HEK293 cells, thereby stimulating Kir6.2/SUR1 channels through some cGMP-dependent signal transduction.
Inhibition of cAMP-Specific PDE Effected Mild Enhancement of Kir6.2/SUR1 Single-Channel Currents
Since caffeine is a nonselective PDE inhibitor, it may cause accumulation of cAMP in addition to cGMP. It has been suggested that simultaneous increases of intracellular cAMP and cGMP by caffeine inhibit the agonist-evoked intracellular Ca 2ϩ response in pancreatic acinar cells (12) . We thus performed the following experiments to determine whether accumulation of cAMP by inhibition of cAMP-hydrolyzing PDE affects the K ATP channel function. We and others (10, 45) have previously demonstrated that PKA activates Kir6.2/SUR1 channels, and the activation is mediated by direct phosphorylation of the pore-forming Kir6.2 subunit. Provided there was basal endogenous cAMP-hydrolyzing PDE activity in HEK293 cells, a logical prediction along this line would be a positive effect resulting from the application of a cAMP-specific PDE inhibitor on the function of the Kir6.2/SUR1 channels through cAMP accumulation and consequently the activation of PKA. Indeed, we found that application of Ro-20-1724 (20 M), a membrane-permeable inhibitor selective for cAMP-specific PDE-4, increased the single-channel currents of Kir6.2/SUR1 channels in cell-attached patches (Fig. 2C ). The apparent opening frequency was higher during the perfusion of Ro-20-1724 compared with the control obtained before drug treatment in the same patch ( was in line with our earlier findings that direct application of the catalytic subunits of PKA in inside-out patches increases Kir6.2/SUR1 channel activity (45) . Whether the cAMP-PKA signaling mechanism contributed to the caffeine-induced K ATP channel stimulation was to be determined.
Buffering of Intracellular Ca 2ϩ by BAPTA/AM Attenuated the Stimulation of Kir6.2/SUR1 Channels Induced by Caffeine
One of the actions of caffeine is to induce the release of calcium from intracellular ryanodine-sensitive stores through activation of the ryanodine receptor (RyR) (14, 64) . Would the stimulatory effects of caffeine on Kir6.2/SUR1 channels ( Fig. 1) result from an increase in the intracellular Ca 2ϩ concentration following Ca 2ϩ mobilization or, alternatively, be mediated solely by Ca 2ϩ -independent actions of caffeine, such as suppression of the PDE activity? We found that caffeine was able to enhance the currents of Kir6.2/SUR1 channels in both Ca 2ϩ -free (see Fig. 1 ) and Ca 2ϩ -containing (data not shown) bath solutions. However, to avoid refilling of intracellular calcium stores after caffeine-induced store depletion and to prevent sustained elevation of the intracellular Ca 2ϩ concentration during prolonged caffeine application (48), a Ca 2ϩ -free bath solution was used throughout the present study. To determine whether the stimulation of Kir6.2/SUR1 channels by caffeine depended on the release of Ca 2ϩ ions from intracellular stores, a group of cells were pretreated with thapsigargin (Tg; 0.1 M), a cell-permeable inhibitor of ER Ca 2ϩ -ATPase, for at least 15 min at 37°C to empty intracellular calcium stores. Cells were then subjected to recordings at room temperature in the continuous presence of Tg. Subsequent coapplication of caffeine (30 mM) and Tg (0.1-0.2 M) resulted in a marked increase in the Kir6.2/SUR1 single-channel currents in cell-attached patches (traces not shown). The averaged normalized NPo of Kir6.2/SUR1 currents was 23.29 Ϯ 6.20 (control as 1) (P Ͻ 0.01, 10 patches, two-tailed one-sample t-test) during co-application of caffeine and Tg, not different from the effects produced by treatment with 30 mM caffeine alone (Dunnett's multiple comparison test following one-way ANOVA). These data seemed to indicate that caffeine's stimulatory effect on the K ATP channel was not disrupted by depletion of intracellular Ca 2ϩ stores and therefore may not be dependent on an increase in the intracellular Ca 2ϩ concentration. However, considering that the inhibition of ER Ca 2ϩ -ATPase by Tg might not completely prevent the initial, transient increase in intracellular Ca 2ϩ concentration induced by 30 mM caffeine, we added another experimental group in which BAPTA/AM, a membrane-permeable and high-affinity Fig. 3A) . Subsequent co-application of caffeine (30 mM) and BAPTA/AM (50 M) to the same patch produced a smaller increase in the Kir6.2/SUR1 single-channel currents (Fig. 3A , Caffeine plus BAPTA/AM) compared with the effects caused by caffeine application alone (see Fig. 1A ). The averaged normalized NPo of Kir6.2/SUR1 currents was 7.80 Ϯ 1.68 (control as 1) ( Fig. 3F ; P Ͻ 0.01, 8 patches, one-sample t-test) during co-application of caffeine and BAPTA/AM, which was significantly different from the changes obtained with 30 mM caffeine applied alone ( Fig. 3F ; same data as shown in Fig. 1B , displayed herein for the purpose of comparison; Dunnett's multiple comparison test following one-way ANOVA). The single-channel conductance remained the same. These BAPTA/AM data indicated that intracellular Ca 2ϩ was involved in mediating the stimulation of Kir6.2/SUR1 channels induced by caffeine; some Ca 2ϩ -dependent mechanism might be activated following the mobilization of Ca 2ϩ from intracellular stores and contribute to channel stimulation during caffeine treatment.
Inhibition of PKA Did Not Affect the Stimulatory Action of Caffeine on Kir6.2/SUR1 Channels
In addition to inducing calcium release from intracellular stores, caffeine is also a potent, nonselective PDE inhibitor. Inhibition of the cAMP-specific PDE led to a mild increase of the single-channel currents of Kir6.2/SUR1 channels (see Fig. 2, C and D) , presumably through activation of the cAMP-PKA signaling cascade. To determine whether the stimulation of Kir6.2/SUR1 channels induced by caffeine involved activation of endogenous PKA, we examined the effect of PKA inhibition on the stimulatory action of caffeine. Transfected HEK293 cells were treated with H-89 (0.1 M), a specific membrane-permeable PKA inhibitor, for at least 15 min at room temperature. The cells were then transferred to the recording chamber with H-89 continuously present in the bath. The single-channel currents of Kir6.2/SUR1 channels recorded in the cell-attached configuration were markedly increased during subsequent application of caffeine (30 mM) plus H-89 to the same patch, resulting in higher opening and bursting frequencies as well as more frequent occurrence of multiplechannel openings ( Fig. 3B ; H-89 vs. Caffeine plus H-89). The average normalized NPo obtained from a total of 10 patches was 27.25 Ϯ 7.61 (control as 1) ( Fig. 3F ; P Ͻ 0.01, onesample t-test), which was not different from the effects obtained from cells treated with caffeine alone ( Fig. 3F ; same data shown in Fig. 1B , Dunnett's multiple-comparison test following one-way ANOVA). These results indicated that the stimulatory effects of caffeine on Kir6.2/SUR1 channels did not require PKA activation, suggesting that mechanisms other than cAMP-PKA signaling were responsible for the caffeineinduced K ATP channel stimulation.
Inhibition of PKG Activity Significantly Attenuated the Stimulatory Effects of Caffeine on Kir6.2/SUR1 Channels
Accumulation of cGMP resulting from inhibition of cGMPspecific PDE may lead to activation of PKG. A potential role of PKG in mediating the caffeine-induced K ATP channel activation was inferred based on the enhancement of Kir6.2/SUR1 channel function caused by zaprinast (see Fig. 2, B and D) . PKG has been suggested to regulate K ATP channels in heart and pancreatic ␤-cells; however, earlier studies have yielded controversial results (25, 62) . To determine whether caffeine stimulated the K ATP channel via PKG-mediated phosphorylation, we pretreated a group of HEK293 cells with KT5823 (1-2 M), a membrane-permeable specific PKG inhibitor, for at least 15 min at room temperature. Cells exhibiting Kir6.2/ SUR1 channel activities were then recorded in the cell-attached configuration in the continuous presence of KT5823, followed by co-application of caffeine (30 mM) and KT5823. The perfusion of caffeine together with KT5823 resulted in a small yet clear activation of these channels (Fig. 3C, KT5823 vs. Caffeine plus KT5823); the normalized NPo averaged from a total of 12 patches was 4.95 Ϯ 1.22 (control as 1) ( Fig. 3F ; P Ͻ 0.01, one-sample t-test). Compared with the strong activation obtained during application of caffeine alone (Fig. 3F) , the stimulatory effect of caffeine on the normalized NPo of Kir6.2/ SUR1 channels was significantly attenuated by KT5823 ( Fig. 3F ; P Ͻ 0.01, Dunnett's multiple comparison test following 1-way ANOVA). These results indicated that the stimulation of Kir6.2/SUR1 channels in intact HEK293 cells by caffeine was primarily mediated by PKG activation, possibly due to inhibition of cGMP-specific PDE and the resultant accumulation of cGMP. Nonetheless, it should be noted that a small portion of caffeine-induced K ATP channel stimulation was sustained even in the presence of the PKG inhibitor KT5823 (Fig. 3, C and F) , implying the potential involvement of some PKG-independent signaling mechanism(s) in mediating caffeine's stimulatory action on the K ATP channel. Since inhibition of PKA did not affect the stimulatory effects of caffeine, whereas Ca 2ϩ buffering did, it appeared reasonable to postulate that the Ca 2ϩ -dependent mechanism may mediate the PKG-independent component of the channel stimulation induced by caffeine. Would this be the case? (See below.)
Simultaneous Calcium Buffering and Inhibition of PKG Activity Completely Abrogated the Stimulation of Kir6.2/ SUR1 Channels Induced by Caffeine
The observation that neither Ca 2ϩ buffering by BAPTA/AM (see Fig. 3 , A and F) nor PKG inhibition by KT5823 (see Fig.  3 , C and F) could completely abolish the caffeine-induced K ATP channel stimulation made us wonder whether it was the combined activation of the Ca 2ϩ -and PKG-dependent mechanisms that mediated the strong Kir6.2/SUR1 channel stimulation during caffeine application (Fig. 1) . If this is the case, simultaneous Ca 2ϩ buffering and inhibition of PKG should eliminate the stimulatory effect of caffeine. To examine this possibility, we recorded Kir6.2/SUR1 single-channel currents in the cell-attached configuration in the continuous presence of KT5823 (2 M) and BAPTA/AM (50 M), following the pretreatment with KT5823 and BAPTA/AM for at least 15 min at room temperature. We found that under such conditions, bath perfusion of caffeine (30 mM) did not enhance the single-channel currents of Kir6.2/SUR1 channels (Fig. 3D) ; the normalized NPo averaged from a total of five patches was 2.78 Ϯ 1.24 (control as 1) ( Fig. 3F ; not significantly different, one-sample t-test), which was significantly different from the stimulatory effect obtained from cells treated with caffeine alone ( Fig. 3F ; P Ͻ 0.05, Dunnett's multiple comparison test following 1-way ANOVA). These results indicated that the stimulation of Kir6.2/SUR1 channels in intact HEK293 cells by caffeine was mediated by combined activation of PKG-and Ca 2ϩ -dependent signaling mechanisms. We also performed experiments in a separate group of cells in which all the potential signaling components downstream of caffeine, including PKG, PKA and Ca 2ϩ , were simultaneously inhibited by co-application of the highly specific PKG inhibitor KT5823 (2 M), the selective PKA inhibitor H-89 (0.1 M), and the Ca 2ϩ chelator BAPTA/AM (50 M). We found that caffeine (30 mM) was unable to increase the single-channel currents of Kir6.2/SUR1 channels in the continuous presence of these inhibitors, following a 15-min pretreatment at room temperature (Fig. 3E) . The normalized NPo averaged from a total of four patches was 1.87 Ϯ 0.67 (control as 1) (Fig. 3F ; not significantly different, one-sample t-test); similar to what happened in the presence of KT5823 and BAPTA/AM (Fig. 3, D  and F) , the stimulatory effect of caffeine on the normalized NPo of Kir6.2/SUR1 channels was significantly and completely abolished in the presence of KT5823, BAPTA/AM, and H-89 (P Ͻ 0.05, Dunnett's multiple comparison test following one-way ANOVA). These results were not surprising, since H-89 itself (Fig. 3F) , unlike BAPTA/AM or KT5823, was unable to alter the stimulatory effect of caffeine, and, in addition, the stimulatory action of caffeine was already diminished by the combined use of KT5823 and BAPTA/AM (Fig.  3F) . On the basis of these findings, it appeared that PKG and Ca 2ϩ , but not PKA, were responsible for mediating the K ATP channel stimulation induced by caffeine. In other words, our data indicated that the Ca 2ϩ -dependent signaling mechanism might account for the "PKG-independent" component of the caffeine-induced K ATP channel stimulation.
Caffeine Suppressed the Single-Channel Activity of Recombinant Kir6.2/SUR1 Channels in Excised Inside-Out Membrane Patches
Our data as described thus far implied that the stimulation of Kir6.2/SUR1 channels by caffeine was a result of multiple-step signal transduction, involving PDE inhibition followed by PKG activation and phosphorylation of either the channel or other proteins that activated the channel, and mobilization of intracellular Ca 2ϩ from the ER store followed by activation of some Ca 2ϩ -dependent mechanism that stimulated the channel. However, we could not exclude the possibility that caffeine may also modulate K ATP channels directly. To determine whether caffeine exerted any direct modulation of K ATP channel function, caffeine (30 mM) was applied to the cytoplasmic surface of cell-free inside-out membrane patches excised from transfected HEK293 cells expressing functional Kir6.2/SUR1 channels. The basal activity of Kir6.2/SUR1 channels in inside-out patches was generally higher than in cell-attached patches (e.g., Controls in Fig. 4A vs. Fig. 1A) , owing to the relief of ATP inhibition after patch excision into the ATP-free bath. We found that application of caffeine resulted in clear inhibition of the single-channel currents of Kir6.2/SUR1 channels recorded in the inside-out patch configuration (Fig. 4A) . The apparent opening frequency was reduced (Fig. 4A , Control vs. Caffeine) without changes in the single-channel conductance. The pooled normalized NPo during caffeine application was 0.38 Ϯ 0.07 (control as 1) (see Fig. 4F , Kir6.2/SUR1; P Ͻ 0.0001, 9 patches, one-sample t-test), suggesting that caffeine may inhibit the K ATP channel by direct interaction with the channel or some closely associated regulatory protein of the channel in addition to its stimulatory action mediated through the Ca 2ϩ -and PKG-dependent intracellular signaling mechanisms (see Figs. 1-3) .
To ensure that the current reduction in the Kir6.2/SUR1 channel during caffeine application was due to a specific action of caffeine on the channel rather than the coincidental current rundown frequently observed in the inside-out patch recordings (in the absence of ATP), we monitored the temporal change of Kir6.2/SUR1 single-channel currents during continuous bath perfusion in a separate group of inside-out patches. There was current rundown during continuous bath perfusion (Fig. 4, B and F, Kir6.2/SUR1; P Ͻ 0.05, 4 patches, one-sample t-test) observed over a time course (ϳ8 min of continuous perfusion after obtaining the control record) as used for the experiments with caffeine application (Fig. 4A) , possibly because there was no MgATP in the bath solution. However, compared with the data obtained during caffeine application from the caffeinetreated group (Fig. 4F, Kir6.2/SUR1 ), the normalized NPo obtained during continuous bath perfusion over the same time course from the "time control" group was significantly larger (0.67 Ϯ 0.06) (Fig. 4F , Caffeine vs. Time control, Kir6.2/ SUR1; P Ͻ 0.05, unpaired t-test), indicating that caffeine did inhibit the Kir6.2/SUR1 channel activity, which became evident in the cell-free condition. In contrast to the stimulatory action of caffeine, which required diffusible intracellular signals (Figs. 1 and 3) , the inhibitory action of caffeine might result from a direct interaction between caffeine and the channel (or some closely associated regulatory protein of the channel). The bidirectional modulation of Kir6.2/SUR1 channels caused by caffeine suggests a complex model of K ATP channel functional regulation.
Caffeine Reduced the Single-Channel Currents of Tetrameric Kir6.2 Channels Expressed in the Absence of SUR
K ATP channels in different tissues differ in their SUR subunits (e.g., SUR1 in pancreas, SUR2A in myocardium, SUR2B in smooth muscle, and SUR1 or SUR2B in brain) but contain the same inwardly rectifying channel subunit, Kir6.2 (40) . To determine whether caffeine-induced K ATP channel modulation exhibited dependence on the pore-forming Kir6.2 and/or the regulatory SUR subunit, we examined the effect of caffeine on the function of channels formed by Kir6.2 subunits alone. Transfection with cDNAs encoding wildtype Kir6.2 in the absence of SUR fails to produce functional channels on the cell surface, because of the exposure of the ER retention/retrieval signal located in the COOH terminus of the Kir6.2 subunit (92). However, surface expression of Kir6.2 channels can be recovered after removal of the ER retention signal by alanine substitutions (i.e., RKRR368/369/370/371AAAA mutation; Ref. 92) or deletion of the COOH terminus containing the ER retention/retrieval signal (83). Kir6.2FL4A channels were expressed in HEK293 cells, and their single-channel currents were monitored in both cell-attached and inside-out patches before and during caffeine application. No functional K ATP channels were observed in a parallel control experiment where only empty vectors were transfected (data not shown), indicating that the K ATP channel-like currents obtained from HEK293 cells transfected with cDNAs encoding for the Kir6.2FL4A channel were specific to the heterologous expression of these channels. The single-channel opening pattern of Kir6.2FL4A channels (Fig. 4E) in the cell-attached patch configuration exhibited more singular and short-duration openings in contrast to that of Kir6.2/SUR1 channels ( Figs. 1 and 2 ), a feature shared by the Kir6.2⌬C36 channel (45), another Kir6.2 mutant that is capable of functional expression without the SUR subunit. Instead of evoking potent stimulation as seen on Kir6.2/SUR1 channels in cell-attached patches, bath application of caffeine (30 mM) inhibited the Kir6.2FL4A single- Fig. 4 . Inhibition of Kir6.2/SUR1 channel activity by caffeine, as revealed in excised patches, is Kir6.2-dependent. Currents were obtained in cell-attached or inside-out configurations (as specified) from transfected HEK293 cells. A, C, and E: single-channel current traces of Kir6.2/SUR1 channel obtained from an inside-out patch (A) or Kir6.2FL4A channels obtained, respectively, from an inside-out patch (C) and a cell-attached patch (E) before (top) and during caffeine (30 mM) application (bottom). The bath contained no ATP. B and D: single-channel current traces of Kir6.2/SUR1 channel (B) or Kir6.2FL4A channel (D) obtained from inside-out patches during continuous (ATP-free) bath perfusion. Continuous bath perfusion in these time control experiments was used to provide estimation of current rundown rate (i.e., time control) over the same time course as was used for caffeine application in caffeine-treated groups (ϳ8-min intervals between 2 records). Scale bars are the same as described in Fig. 1. F: normalized NPo of Kir6.2/SUR1 and Kir6.2FL4A channels obtained from individual experimental groups described in A-E. Patch configurations in which data were obtained: iso, inside-out; ca, cell-attached. NPo values were normalized in individual patches as described in Fig. 1B and are presented as means Ϯ SE of 4 -9 patches (patch nos. in parentheses). Significance levels are as follows: *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, and ****P Ͻ 0.0001 (two-tailed one-sample t-tests within individual groups, or unpaired t-tests between caffeine-treated and time control groups). channel currents in the same patch configuration (Fig. 4E) , resulting in significant changes in the single-channel properties (Table 1) . The normalized NPo, opening frequency, corrected mean open time, and mean closed duration values were 0.40 Ϯ 0.11 (Fig. 4F , Kir6.2FL4A; P Ͻ 0.01), 0.40 Ϯ 0.09 (P Ͻ 0.01), 0.93 Ϯ 0.06 (not significant), and 3.06 Ϯ 0.50 (P Ͻ 0.05), respectively (control as 1) (Table 1 ; 5 patches, one-sample t-test). It was obvious that caffeine exerted only an inhibitory action on the function of K ATP channels expressed in the absence of the SUR1 subunit. These results revealed that the SUR1 subunit was responsible for caffeine-induced K ATP channel stimulation in intact cells, whereas the Kir6.2 subunit was accountable for the caffeine-induced K ATP channel inhibition.
To further elucidate whether the caffeine-induced inhibition of tetrameric Kir6.2 channels was due to direct interaction between caffeine and the channel, we examined the effect of caffeine on Kir6.2FL4A channels in the inside-out patch configuration. Bath perfusion of caffeine (30 mM) to the cytoplasmic surface of inside-out membrane patches excised from transfected HEK293 cells clearly inhibited the Kir6.2FL4A single-channel currents: the apparent opening frequency was much lower in the presence than in the absence of caffeine perfusion (Fig. 4C) . The averaged normalized NPo value was reduced to 0.22 Ϯ 0.05 during caffeine application (control as 1) (Fig. 4F , Kir6.2FL4A; P Ͻ 0.0001, 7 patches, one-sample t-test), indicating that the function of the Kir6.2 subunit was suppressed by caffeine via direct interaction of caffeine with the Kir6.2 subunit or some closely associated regulatory protein(s) of the channel. In addition, we also performed the time control experiments to monitor the temporal changes of Kir6.2FL4A single-channel currents during continuous bath perfusion (Fig. 4D ) in a separate group of inside-out patches (as described for Kir6.2/SUR1 channels; see Fig. 4B ). The extent of current rundown was moderate (during ϳ8 min of continuous perfusion after obtaining the control record) (Fig. 4D) ; the normalized NPo was 0.63 Ϯ 0.05 (control as 1) (Fig. 4F , Kir6.2FL4A; P Ͻ 0.01, 4 patches, one-sample t-test). However, compared with the data obtained during caffeine application from the caffeine-treated group (Fig. 4 , C and F, Caffeine), the normalized NPo obtained from the time control group was significantly larger over the same time course (Fig. 4F , Caffeine vs. Time control, Kir6.2FL4A; P Ͻ 0.001, unpaired t-test), supporting our working model wherein caffeine exerts an inhibitory action on the Kir6.2 subunit of the channel that requires no diffusible intracellular messengers. These data further suggest that caffeine exerts bidirectional modulation on the Kir6.2 and SUR subunits of the K ATP channels.
Caffeine Increased the Single-Channel Activity of Recombinant Kir6.2/SUR2B Channel, a Nonvascular Smooth Muscle K ATP Channel Isoform, Although the Effect Was Weaker Compared with Kir6.2/SUR1 Channels
It appeared that the SUR1 subunit was responsible for caffeine-induced stimulation of Kir6.2/SUR1 channels in intact cells; it was intriguing to find out whether the K ATP channel encompassing the SUR2 subunit responded to caffeine in a similar fashion. We thus assessed the effect of caffeine on the function of recombinant K ATP channels composed of Kir6.2 and SUR2B subunits, a K ATP channel isoform present in the nonvascular smooth muscle and some central neurons. Caffeine application (30 mM) increased the single-channel currents of Kir6.2/SUR2B channels recorded in the cell-attached patch configuration (Fig. 5A) ; the normalized NPo, opening frequency, corrected mean open time, and mean closed duration values averaged from 10 patches were 7.09 Ϯ 1.71 ( Fig. 5B ; P Ͻ 0.01), 5.45 Ϯ 1.41 (P Ͻ 0.05), 1.47 Ϯ 0.15 (not significant), and 0.29 Ϯ 0.07 (P Ͻ 0.001), respectively (control as 1) (Table 1 ; 10 patches, one-sample t-test). These data indicated that Kir6.2/SUR2B channels, like Kir6.2/SUR1 channels, were stimulated by caffeine in intact cells. It is worth mentioning that, although both isoforms were positively modulated by caffeine, the enhancement of Kir6.2/SUR1 channels was significantly stronger than that of Kir6.2/SUR2B channels ( Fig. 5B ; P Ͻ 0.05, two-tailed unpaired t-tests). These results imply that different subtypes of SUR might confer the K ATP channel with differential sensitivity to caffeine for channel stimulation. Fig. 1B) were included here for the purpose of comparison. NPo values were normalized to the corresponding controls in individual patches (control taken as 1), and the average data are presented as means Ϯ SE of 10 patches (for Kir6.2/SUR2B channels). Two-tailed one-sample t-tests and unpaired t-tests were performed to detect difference within and between Kir6.2/SUR1 and Kir6.2/SUR2B isoforms, respectively. Significance levels are as follows: *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001.
Caffeine Modulated the Single-Channel Activity of Endogenous K ATP Channels in Rat Insulinoma CRI-G1 Cells
To determine whether caffeine was capable of exerting dual modulation on the function of endogenous K ATP channels in native cells in addition to the recombinant channels heterologously expressed in HEK293 cells (see Figs. 1 and 5) , we performed single-channel recordings to monitor the effects of caffeine in an insulin-secreting pancreatic islet cell line, CRI-G1 (ECACC) (28, 78, 79) , in both cell-attached and inside-out patch configurations. Pancreatic ␤-cells, including CRI-G1 cells, express endogenous K ATP channels composed of Kir6.2 and SUR1 subunits. The native K ATP channels recorded in the cell-attached patch configuration from CRI-G1 cells opened at low frequencies under the control condition (Fig. 6A , Control), and they exhibited an I-V relationship of inward rectification that reversed at 0 mV (E K ) and a single-channel conductance of ϳ70 pS at the inward direction. Application of caffeine (30 mM) markedly increased the apparent opening and bursting frequencies of these endogenous K ATP channels in the same patches (Fig. 6A, Caffeine) . The NPo values of endogenous K ATP channels obtained in this set of experiments were compared before and during caffeine treatment in individual patches using absolute values without normalization (by paired t-test; Fig. 6B ), as not all cell-attached patches obtained from these cells exhibited K ATP channel activity in the control condition. The absolute NPo value averaged from a total of six patches was 0.08 Ϯ 0.04% in control (Fig. 6B) and was significantly increased to 1.76 Ϯ 0.50% during caffeine application ( Fig. 6B ; P Ͻ 0.01, two-tailed paired t-test). These results indicated that the endogenous K ATP channels in intact pancreatic ␤-cells (CRI-G1) were positively modulated by caffeine, as were the recombinant Kir6.2/SUR1 or Kir6.2/ SUR2B channels expressed in transfected HEK293 cells.
Next, we applied caffeine (30 mM) to the cytoplasmic surface of inside-out membrane patches excised from insulinoma CRI-G1 cells to determine whether caffeine inhibited the activity of endogenous K ATP channels in native cells under the cell-free condition. Because of the fact that the K ATP channel current density was lower in native cells compared with transfected mammalian cells, the activity level after current rundown (in ATP-free condition) in inside-out patches sometimes became too low to allow reliable evaluation of any potential inhibitory effect. To circumvent this, 10 M MgATP was included in the bath recording solution to help maintain and stabilize the K ATP channel currents (10) in all inside-out patches obtained from CRI-G1 cells. Application of caffeine (in the continuous presence of 10 M MgATP) resulted in marked reduction of the single-channel currents of K ATP channels compared with the control activity acquired before caffeine application (Fig. 6C , Control vs. Caffeine); the apparent opening frequency was decreased, whereas the single-channel conductance remained unaltered. The normalized NPo during caffeine application was 0.10 Ϯ 0.06 (control as 1) ( Fig. 6F ; P Ͻ 0.001, 4 patches, one-sample t-test), indicating that caffeine was capable of inhibiting endogenous K ATP channels in insulin-secreting CRI-G1 cells in the cell-free condition, besides its stimulatory action on these K ATP channel in intact cells (see Fig. 6, A and B) .
In addition, time control experiments similar to those performed in HEK293 cells (see Fig. 4D ) were carried out in CRI-G1 cells, recorded in the inside-out configuration. It appeared that K ATP channel activity was maintained rather stable during continuous perfusion of the 10 M MgATP-containing bath solution over the same time course as was used for the caffeine-treated group (i.e., ϳ8 min after obtaining the control record) (Fig. 6D) , resulting in an averaged normalized NPo of 1.03 Ϯ 0.23 (control as 1) (Fig. 6F; 4 patches) . Compared with the data obtained during caffeine perfusion from the caffeinetreated group (Fig. 6, C and F, Caffeine) , the normalized NPo obtained from the time control group over the same time course was significantly higher (Fig. 6F , Caffeine vs. Time control; P Ͻ 0.01, unpaired t-test). These control results provide support for our findings that, aside from channel activation, caffeine also inhibits the endogenous K ATP channel function in CRI-G1 cells; the caffeine-induced inhibition might result from an interaction between caffeine and the channel (or some closely associated regulatory protein of the channel) rather than nonspecific current fluctuation. Last, to assure the identity of these endogenous channels present in CRI-G1 cells as K ATP channels, glibenclamide, a K ATP channel blocker, was applied by bath perfusion in a separate group of inside-out patches. Glibenclamide (5 M) significantly suppressed the singlechannel currents with a single-channel conductance of ϳ70 pS (Fig. 6E) , resulting in an averaged normalized NPo of 0.39 Ϯ 0.13 ( Fig. 6F; 5 patches, one-sample t-test). The glibenclamide-induced suppression of K ATP channel activity was significantly different from the time control group when the NPo values obtained over a similar time course were compared (Fig. 6F , Glibenclamide vs. Time control; P Ͻ 0.05, unpaired t-test), further confirming the identity of these endogenous channels in CRI-G1 cells as glibenclamide-sensitive K ATP channels. Our findings thus suggest that caffeine exerts dual modulation on the function of the K ATP channel endogenously expressed in clonal pancreatic ␤-cells.
DISCUSSION
K ATP channels regulate insulin secretion, vascular tone, heart rate, and neuronal excitability by responding to transmitters as well as the internal metabolic state. These channels are also involved in cytoprotection in the brain and heart (11, 38, 50, 52, 61, 72, 77, 87, 91) . K ATP channels in native cells are composed of four pore-forming Kir6.x subunits and four regulatory SUR subunits. Although the sites responsible for ATP inhibition, pH, and phosphatidylinositol 4,5-bisphosphate (PIP 2 ) regulation reside on the Kir6.2 subunit, the SUR subunit of K ATP channels appears to be the target on the channel for a few clinically important drugs, such as sulfonylureas and synthetic K ATP channel openers. Caffeine, a naturally occurring alkaloid present in beverages such as tea and coffee, is one of the most consumed drugs. Caffeine is closely related to other methylxanthines. Its known actions include mobilization of intracellular calcium from ryanodine-sensitive stores, inhibition of PDEs, and antagonism of adenosine receptors (51) . To understand how caffeine modulates the function of K ATP channels, we first determined how caffeine changed the function of Kir6.2/SUR1 channels. We then evaluated the involvement of several potential signaling mechanisms in mediating the caffeine-induced K ATP channel modulation, including inhibition of PDEs, release of intracellular Ca 2ϩ , and activation of protein kinases. We also compared the effects of caffeine on absolute NPo values of KATP channels obtained from cell-attached patches before and during caffeine treatment. Data were averaged without normalization from 6 patches and compared using two-tailed paired t-tests. C-E: single-channel current traces obtained from an inside-out patch before (top) and during application of caffeine (30 mM; C), prolonged bath perfusion (D), or glibenclamide (5 M; E) (bottom) in the 10 M MgATP-containing bath. Continuous bath perfusion was used to provide time control of the rundown rate over the same time course as was used for caffeine-treated groups. Scale bars are the same as described in Fig. 1. F: normalized NPo values of these native KATP channels obtained from inside-out patches treated with caffeine, prolonged bath perfusion (time control), or glibenclamide. NPo values were normalized in individual patches as described in Fig. 1B (control taken as 1) and are presented as means Ϯ SE of 4 -5 patches. Significance levels and statistical methods are the same as described in Fig. 4F . different K ATP channel isoforms, including tetrameric Kir6.2 and octameric Kir6.2/SUR1 and Kir6.2/SUR2B channels, to define the respective roles played by the Kir6.2 and SUR subunits in caffeine-induced K ATP channel modulation. Last, we determined whether caffeine exerted dual modulation on the function of native K ATP channels expressed in rat insulinoma CRI-G1 cells.
Here we report that caffeine activated the Kir6.2/SUR1 channels in intact cells and that the stimulation of Kir6.2/SUR1 channels evoked by caffeine was mimicked by IBMX, a nonselective PDE inhibitor, and by zaprinast, a selective inhibitor of cGMP-specific PDE-5 and PDE-9. Ro-20-1724, a selective inhibitor of cAMP-specific PDE-4 inhibitor, was able to mildly activate Kir6.2/SUR1 channels; however, co-application of caffeine and H-89, a selective PKA inhibitor, did not abrogate caffeine-induced K ATP channel stimulation. In contrast, application of caffeine in the presence of a membranepermeable Ca 2ϩ chelator, BAPTA/AM, or of a selective PKG inhibitor, KT5823, resulted in marked attenuation of the stimulatory effects of caffeine. Furthermore, complete abolishment of caffeine-induced stimulation of Kir6.2/SUR1 channels was achieved when inhibition of PKG and buffering of Ca 2ϩ were administered simultaneously, regardless of whether PKA activity was inhibited. Interestingly, although caffeine stimulated Kir6.2/SUR1 channels in cell-attached patches, it suppressed these channels in excised inside-out patches, indicating that caffeine may in fact inhibit the Kir6.2/SUR1 channel in the absence of intracellular signaling. Furthermore, the singlechannel currents of Kir6.2FL4A channels (expressed in the absence of the SUR subunit) were inhibited by caffeine in both intact cells and cell-free membrane patches. Caffeine also stimulated recombinant Kir6.2/SUR2B channels in intact cells, but the enhancement was significantly weaker than that of Kir6.2/SUR1 channels. Moreover, caffeine was also capable of exerting dual modulation on the function of endogenous K ATP channels present in rat insulinoma CRI-G1 cells. Taken together, these data suggest that the inhibitory effect of caffeine on K ATP channels may involve direct interaction of caffeine with the Kir6.2 subunit or some closely associated regulatory protein, while the stimulatory effect may be mediated through PDE inhibition, which consequently activates PKG as well as intracellular Ca 2ϩ mobilization that triggers Ca 2ϩ -dependent signaling, and the intracellular signaling may use the SUR subunit as a final target. In the presence of both Kir6.2 and SUR subunits, the stimulatory effect of caffeine appears to surpass and mask its inhibitory one on K ATP channels in intact cells. Our data also revealed that SUR1-containing K ATP channels may be more sensitive than the SUR2B-containing channels to caffeine for functional stimulation.
K ATP Channel Stimulation by Caffeine Relies on Intracellular Signaling
In this report, we have presented the first piece of evidence that caffeine is a potent K ATP channel activator; this novel finding was obtained by performing mechanistic dissection of signaling pathways in intact HEK293 cells, using cell-attached patch recordings (Figs. 1, 3 and 5) , and was confirmed in insulin-secreting pancreatic islet CRI-G1 cells (Fig. 6, A  and B) . Several groups have reported an inhibitory role of millimolar concentrations of caffeine on K ATP channel activity in pancreatic ␤-cells (36) and smooth muscle cells (80) . As mentioned earlier, the intracellular signaling components may have been lost in some of the earlier studies investigating how caffeine modulates K ATP channels, because of the use of cell-free patch configurations for recordings (36) ; in other cases, the single-channel conductance of the caffeine-sensitive channel in urethral muscle cells was too small for Kir6.2/SUR2 channels (80) . The use of single-channel recordings in the cell-attached patch configuration allowed us to examine the effects of caffeine on the K ATP channel with the potential intracellular signaling components preserved. A calcium-free bath solution was used throughout the present study to prevent Ca 2ϩ store refilling and interference possibly arising from prolonged elevation of the intracellular Ca 2ϩ level, as caffeine is known to induce Ca 2ϩ mobilization from intracellular stores. Nevertheless, it should be pointed out that the enhancement of Kir6.2/SUR1 channel activity by millimolar concentrations of caffeine did occur in both Ca 2ϩ -free (Fig. 1) and Ca 2ϩ -containing bath solutions (data not shown). It should also be noted that there were no K ATP channel-like currents observed in HEK293 cells when cDNAs encoding for the wild-type Kir6.2 or the SUR1 subunit were transfected alone, or when empty vectors were transfected (data not shown), indicating the absence of detectable endogenous K ATP channel subunits in these cells. Here we demonstrated that caffeine activated Kir6.2/SUR1 channels only in intact cells ( Fig. 1; Table 1 ) but not in cell-free membrane patches (Fig. 4, A, B, and F) , suggesting that caffeine-induced K ATP channel activation is mediated by some intracellular signaling mechanism involving cytosolic messengers rather than by a direct interaction of caffeine with the channel.
Caffeine-Induced K ATP Channel Stimulation Involves PDE Inhibition
In the present study, we showed that caffeine significantly increased the single-channel currents of recombinant as well as native K ATP channels in intact cells (Figs. 1, 5, and 6 ). Caffeine is a potent, nonselective PDE inhibitor, and accumulation of cyclic nucleotides induced by caffeine has been demonstrated in several cell types (46, 63) . The PDE superfamily encompasses 11 different families, classified based on their substrates and inhibitor profiles as well as structural characteristics (76) . Inhibition of PDE leads to accumulation of intracellular cyclic nucleotides. It has been shown that inhibition of PDE mimics the effect of caffeine on the agonist-evoked Ca 2ϩ response in pancreatic acinar cells (12) and on the contractility of gallbladder muscle (46) . In the present study, we showed that several nonselective as well as cGMP-or cAMP-specific PDE inhibitors were capable of reproducing the caffeine-induced enhancement of Kir6.2/SUR1 single-channel currents in intact HEK293 cells (Fig. 2) , suggesting that the stimulatory effect of caffeine on K ATP channels may be mediated by PDE inhibition. It is conceivable that multiple PDEs are present and active in HEK293 cells; therefore, changes in PDE activities may be transduced to different levels of K ATP channel activity through altering intracellular cyclic nucleotide concentrations and the consequent cyclic nucleotide-dependent protein phosphorylation. Other cell types, such as hippocampal cells (84) and pancreatic ␤-cells (27) , also possess high PDE activity, and thus manipulating PDE activity with specific agents may pro-vide a useful way to modulate K ATP channel function in intact cells. Caffeine also acts as a nonselective, competitive adenosine receptor antagonist (21, 22; reviews) . In the present study, we did not pursue adenosine receptor antagonism as one probable mechanism underlying caffeine's stimulatory action on K ATP channels. Activation of A 2A receptors dilates retinal arterioles (30) or cerebral arterioles (57; review) by opening rather than inhibiting K ATP channels. It is therefore unlikely that inhibition of G s -coupled A 2A receptor-induced signaling by caffeine can account for K ATP channel stimulation, even though some endogenous adenosine receptors may be present in HEK293 cells (A 2B type; Ref. 18 ).
Caffeine-Induced K ATP Channel Stimulation is in Part Mediated by Intracellular Ca 2ϩ
In addition to acting as a nonselective PDE inhibitor, caffeine also induces release of calcium from intracellular stores through activation of the RyR (14, 64) and subsequently causes an increase in the intracellular Ca 2ϩ concentration. Even though a calcium-free bath was used throughout the present study, significant enhancement of Kir6.2/SUR1 channel activity (depicted as the normalized NPo in all bar graphs throughout) was brought about by the application of caffeine in both intact HEK293 and insulin-secreting CRI-G1 cells (Figs. 1 and  6, A and B) . It is possible that the stimulatory action of caffeine on the activity of Kir6.2/SUR1 channels may result, at least in part, from an increase in the intracellular Ca 2ϩ concentration. Indeed, the stimulatory effects of caffeine on K ATP channels were attenuated when intracellular Ca 2ϩ was buffered with a membrane-permeable Ca 2ϩ chelator, BAPTA/AM (Fig. 3, A  and F) . It should be noted that BAPTA/AM did not completely abolish the stimulatory effects of caffeine on Kir6.2/SUR1 channels (Fig. 3, A and F) ; the residual enhancement of the Kir6.2/SUR1 channel activity remained significant (Fig. 3F) (20, 29, 42) . Although most of the Ca 2ϩ effects on the K ATP channel described thus far have been limited to the inhibitory type, a positive effect has been implicated in frog skeletal muscle (42) . In line with this, our present study suggests that the K ATP channel is stimulated by caffeine, partially via activation of some Ca 2ϩ -dependent process. The detailed mechanism underlying Ca 2ϩ -dependent modulation of the K ATP channel, which appears to constitute the BAPTA/AM-sensitive component of the caffeine-induced K ATP channel stimulation, requires further investigation.
Caffeine Stimulates K ATP Channels Partially via the cGMP-PKG Signaling Mechanism
Accumulation of cGMP by inhibition of cGMP-hydrolyzing PDE activity can lead to activation of cGMP-dependent effector systems. In intact cells, cGMP effector systems include the protein families of PKGs, cGMP-sensitive PDEs, and cGMPgated cation channels. In the present study, we showed that the stimulation of Kir6.2/SUR1 channels by caffeine was reproduced by inhibition of cGMP-specific PDEs (i.e., PDE-5 and PDE-9) with zaprinast ( Fig. 2, B and D) and that inhibition of PKG with KT5823 during caffeine treatment significantly attenuated the extent of caffeine-induced Kir6.2/SUR1 channel stimulation (Fig. 3, C and F) . Our data thus suggest a role of the cGMP-PKG signaling pathway, in addition to the Ca 2ϩ -dependent mechanism as described above, in mediating K ATP channel stimulation evoked by caffeine in intact cells. PKG may enhance the K ATP channel function via direct phosphorylation of the K ATP channel or, alternatively, via phosphorylation of other intracellular proteins that regulate K ATP channel stimulation. Previous studies investigating how PKG modulates K ATP channel function have yielded contradictory results. It has been shown that PKG mediates the inhibition of K ATP channels induced by 17␤-estradiol in intact mouse pancreatic ␤-cells (62), whereas direct PKG phosphorylation enhances K ATP channel activity elicited by pinacidil (a K ATP channel opener) in rabbit ventricular myocytes (25) . On the other hand, evidence obtained in the present study suggests that PKG activation mediates in part the K ATP channel stimulation induced by caffeine in intact cells (Fig. 3) . Intriguingly, although K ATP channel activity was enhanced by cGMP-PKG signaling in intact cells (Figs. 2B and 3) , we found that direct application of purified PKG (in the presence of MgATP and cGMP) to the cytoplasmic surface of excised inside-out patches failed to stimulate the K ATP channel (Y. Chai and Y.-F. Lin, unpublished data). Our data thus suggest that caffeine stimulates the K ATP channel partially through PKG activation; PKG seems to activate the K ATP channel via indirect phosphorylation, accomplished by phosphorylating intracellular protein(s) rather than the channel per se.
Our data also revealed that inhibition of PKG was able to significantly attenuate, but not completely abolish, the stimulatory effects of caffeine on Kir6.2/SUR1 channels in intact cells (Fig. 3, C and F) ; a small yet significant increase of Kir6.2/SUR1 channel activity was sustained (Fig. 3F) . These results suggest that PKG partially, rather than exclusively, mediates the stimulatory effects of caffeine. The same is applicable in understanding the role of intracellular calcium in mediating caffeine's stimulatory action on the K ATP channel: calcium buffering also caused incomplete nullification of caffeine-induced K ATP channel stimulation (Fig. 3, A and F) . One point to make here is that the attenuation of caffeine-induced K ATP channel stimulation was more pronounced when PKG activity was inhibited than when intracellular Ca 2ϩ was buffered ( Fig. 3F ; Dunnett's multiple comparison test), implying differential contributions of PKG and intracellular Ca 2ϩ in mediating caffeine-induced K ATP channel stimulation. Moreover, complete abolishment of caffeine-induced K ATP channel stimulation was achieved when inhibition of PKG and intracellular Ca 2ϩ buffering were simultaneously effected (Fig. 3, D  and F Our observation that inhibition of a cAMP-specific PDE-4 resulted in a mild yet significant increase of Kir6.2/SUR1 single-channel currents (Fig. 2, C and D) suggests that the K ATP channel is activated by cAMP-dependent signaling, which is in agreement with earlier findings by others and us (10, 45) that PKA-mediated protein phosphorylation modulates K ATP channel function by direct phosphorylation of the channel protein. However, inhibition of PKA activity during caffeine application did not attenuate the magnitude of caffeineinduced enhancement of K ATP channel currents (Fig. 3, B and  F) . In addition, complete abrogation of caffeine-induced K ATP channel stimulation was achieved by simultaneous Ca 2ϩ buffering and PKG inhibition (Fig. 3, D and F) , regardless of whether PKA activity was inhibited (Fig. 3, E and F) . These results thus suggest that K ATP channel stimulation induced by caffeine may not involve the cAMP-PKA signaling pathway at all, or, alternatively, the contribution of cAMP-PKA signaling may be negligible compared with the PKG-or calcium-dependent mechanism in mediating the stimulatory action of caffeine on the K ATP channel in intact cells.
Stimulation of the K ATP Channel Induced by Caffeine is SUR-Dependent
Our present study suggests that both PKG-and Ca 2ϩ -dependent signaling mechanisms may be triggered by caffeine to mediate (octameric) K ATP channel activation. Unlike Kir6.2/SUR1 channels ( Fig. 1; Table 1 ), the tetrameric Kir6.2FL4A channel was not stimulated by caffeine in intact cells (Fig. 5 , B and C; Table 1) , implying, first, that caffeine-induced stimulation of octameric K ATP channels is SUR dependent and, second, that the SUR subunit of K ATP channels may be the final target protein for the aforementioned intracellular signaling induced by caffeine. In addition, the SUR2B-containing K ATP channels exhibited milder stimulation with caffeine treatment than did the SUR1-containing channels in intact cells ( Figs. 1 and 5 ; Table 1 ), suggesting that the various SUR subtypes may confer the K ATP channel with different sensitivities to the stimulation induced by caffeine. K ATP channels containing different SUR subunits have been shown to exhibit different sensitivity to compounds such as synthetic K ATP channel openers, sulfonylureas, and ATP (4, 8, 38, 52, 70, 83) . In line with this, the differential responsiveness to caffeine among Kir6.2/SUR1, Kir6.2/SUR2B, and Kir6.2FL4A channels may be accounted for by similar "SUR dependence."
Caffeine Inhibits the K ATP Channel by Interacting with the Kir6.2 Subunit
Aside from the SUR subunit-dependent stimulatory action mediated through the intracellular signaling in intact cells (Figs. 1-3 ), here we also demonstrated that caffeine inhibited Kir6.2/SUR1 channel activity in excised inside-out patches (Fig. 4, A, B, and F) . The inhibitory effect of caffeine on Kir6.2/SUR1 channels revealed in inside-out patches suggests that caffeine may inhibit the function of K ATP channels in the absence of intracellular signaling. Moreover, although caffeine significantly inhibited octameric Kir6.2/SUR1 K ATP channels only in cell-free patches, it suppressed tetrameric Kir6.2FL4A channels in both intact cells and cell-free patches (Fig. 4, C-F ; Table 1 ). Our data thus suggest that caffeine functionally inhibits the K ATP channel by interacting directly with the Kir6.2 subunit or some closely associated regulatory protein(s) of the channel, a process that requires neither the SUR subunit nor intracellular signaling. In line with this, Teramoto et al. (80) have demonstrated that caffeine at millimolar concentrations inhibits Kir6.2⌬C36 channels in COS7 cells. We thus suggest that caffeine produces dual modulation of the function of K ATP channels in intact cells: a strong potentiation through (indirect) interaction with SUR and a relatively weak inhibition through (direct) interaction with Kir6.2. It is conceivable that caffeine may also exert inhibitory action on octameric K ATP channels via interaction with the Kir6.2 subunit (or some closely associated regulatory protein) in intact cells; however, the Kir6.2-dependent inhibitory action of caffeine appears to be much weaker than, and is therefore masked by, the SURdependent stimulatory action ( Table 1) .
Effects of Caffeine on the Activity of K ATP Channels Are Due to Changes in the Single-Channel Opening and Closing Properties
Channel function and its modulation are determined by the conformational changes that the channel undergoes to enable opening or closing of the ion-permeating pore. Here we showed that caffeine stimulated the octameric K ATP channel in intact cells (Figs. 1, 5 , and 6; Table 1 ). The enhancement of K ATP single-channel currents was due to changes in the singlechannel properties, including increases in NPo and opening frequency and reduction of mean closed duration, yet neither the single-channel conductance nor the corrected mean open time was altered (Table 1 ). In contrast, caffeine inhibited tetrameric Kir6.2FL4A channels in both intact cells and cellfree patches (see above; Fig. 4 , C-F; Table 1 ). Analysis of the single-channel properties of Kir6.2FL4A channels in intact cells revealed that caffeine decreased NPo and opening frequency and increased mean closed duration, without changing the single-channel conductance or the corrected mean open time ( Table 1) . The opposite functional modulation exerted by caffeine on the octameric and tetrameric K ATP channels (Figs. 1, 4 -6; Table 1 ) is reflected in the very distinctive changes of the single-channel properties, which may be isoform/subunitdependent. We suggest that caffeine exerts stimulatory effects on octameric K ATP channels in intact cells by destabilizing the closed states and by increasing the frequency of closed-to-open transitions, whereas it interacts with and suppresses the function of the pore-forming subunit Kir6.2 by stabilizing the closed states and reducing the transitions to opening. As discussed above, the stimulation of SUR-containing octameric K ATP channels in intact cells represents a summated outcome of the bidirectional modulatory actions of caffeine, where channel stimulation greatly exceeds inhibition (Figs. 1, 5 , and 6; Table 1 ).
Caffeine Exerts Dual Modulation on the K ATP Channel Present in Insulin-Secreting Pancreatic ␤-Cells
The dual modulation of the K ATP channel function caused by caffeine was uncovered not only in the heterologous expression system (Figs. 1-5 ) but also in clonal pancreatic islet CRI-G1 cells expressing endogenous K ATP channels (Fig. 6) . The endogenous K ATP -like channels in CRI-G1 cells exhibited single-channel conductance characteristic of the K ATP channel (ϳ70 pS; Fig. 6A ) and were sensitive to the K ATP channel antagonist glibenclamide (Fig. 6, E and F) . These channels were activated by caffeine in intact cells (Fig. 6, A and B) , and their currents were suppressed by caffeine in inside-out patches (Fig. 6, C, D, and F) . The K ATP channel expressed in pancreatic ␤-cells is of the Kir6.2/SUR1 isoform (1), which was also the major recombinant K ATP channel type studied here (Figs.  1-3 and 4, A and B) . The dual modulation of the endogenous K ATP channels in CRI-G1 cells by caffeine, including activation in intact cells and inhibition in excised membrane patches, was similar to that observed on the recombinant Kir6.2/SUR1 channels in transfected HEK293 cells (Figs. 1 and 4) . The underlying regulatory mechanisms may include the aforementioned cGMP-PKG and Ca 2ϩ -dependent signaling through interaction with the SUR subunit for K ATP channel activation, plus a direct interaction with the pore-forming subunit Kir6.2 (or some closely associated regulatory protein of the channel) for K ATP channel inhibition. The inhibitory effect of caffeine appears to involve no diffusible messengers, as the effect was present in cell-free membrane patches in both HEK293 and CRI-G1 cells. The presence of dual functional modulation of K ATP channels by caffeine in different cell types suggests that caffeine activates some common regulatory mechanisms to alter the function of K ATP channels.
Caffeine and Ion Channel Modulation
In the present study, we showed that caffeine stimulated Kir6.2/SUR1 and Kir6.2/SUR2B but inhibited Kir6.2FL4A channels in intact HEK293 cells (Figs. 1, 4 , E and F, and 5; Table 1 ); moreover, caffeine stimulated the native K ATP channels in intact insulin-secreting CRI-G1 cells (Fig. 6, A and B) . Caffeine has been demonstrated to directly inhibit potassium channels and calcium channels in a number of cells, including mammalian ventricular myocytes (15, 19, 67, 85) , guinea pig vascular smooth muscle (54) , pig urethral smooth muscle cells (80) , dissociated chick autonomic ganglion neurons and pineal cells (59) , taste receptor cells (93) , rat anterior pituitary cells (41) , and outer hair cells of guinea pig cochlea (90) . The channels previously reported to be suppressed by caffeine include TREK-1 channels (26), hERG channels (17), K Ca channels (41) , and K ATP channels (36) plus outwardly and inwardly rectifying potassium and calcium currents in taste receptor cells (93) . Among these channels, direct block of hERG channels (17) , K ATP channels (36) , delayed rectifier channels (59), (I A -like) transient outward potassium channels (54, 59) , some inwardly rectifying (9) and outward potassium currents (15, 19, 85) , and L-type calcium channels (41) by caffeine has been suggested. In contrast, several studies have suggested that caffeine activates the intermediate-conductance K Ca (IK) channel currents (but not large-or small-conductance K Ca channels) in transfected HEK293 cells (68) and K Ca channels in guinea pig adrenal chromaffin cells (55) and increases potassium efflux in frog skeletal muscle (86) . Here we report that caffeine exerts both activation (that is SURdependent and requires cGMP-PKG and Ca 2ϩ signaling; Figs. 1, 3, 5, and 6) and inhibition (that is Kir6.2-dependent and requires no intracellular signaling; Fig. 4 ) of K ATP channel function. The caffeine-induced stimulation (Figs. 1, 5 , and 6) appears to predominate over the direct inhibition of Kir6.2 by caffeine (Fig. 4) . Therefore, the bidirectional regulation of octameric K ATP channels induced by caffeine summates to strong channel stimulation in intact cells (Figs. 1, 5, and 6) . Our results suggest that the presence of Kir6.2 and SUR subunits in functional K ATP channels may confer on the channel higher fine-tuning capability, as the two subunits can be differentially (or bidirectionally) modulated by the same agent, via distinct mechanisms. The regulatory mechanism uncovered in this study may be of general interest in understanding how the K ATP channel is modulated under physiological and pathophysiological conditions.
In conclusion, in the present study, we investigated how caffeine modulates the function of K ATP channels in transfected HEK293 cells and in rat insulinoma CRI-G1 cells. Here we report that caffeine exerts dual regulation on the function of K ATP channels and that the caffeine-induced stimulation predominates over its inhibitory action in intact cells. The regulatory subunit SUR and intracellular signaling were both required for the caffeine-induced K ATP channel stimulation, which represents a novel effect of caffeine. In contrast, a direct action on the pore-forming subunit Kir6.2 or some closely associated protein(s) was responsible for the channel inhibition by caffeine. Further examination of the signaling mechanisms underlying caffeine-induced K ATP channel stimulation revealed that it involved not only intracellular Ca 2ϩ mobilization but also the activation of PKG, and the effect could be mimicked by inhibition of nonselective or cGMP-specific PDEs. In contrast, although inhibition of cAMP-specific PDE mildly enhanced Kir6.2/SUR1 channel currents, inhibition of PKA during caffeine treatment did not affect the stimulatory action of caffeine. In fact, the stimulatory effects of caffeine were completely abolished by simultaneous PKG inhibition and Ca 2ϩ buffering, suggesting that caffeine stimulates K ATP channels through cGMP-PKG signaling and intracellular Ca 2ϩ mobilization but requires no PKA activation following accumulation of cAMP. Moreover, the Kir6.2/SUR2B channel, a nonvascular smooth muscle K ATP channel isoform, was also stimulated by caffeine, but its sensitivity to caffeine seems much lower than that of the Kir6.2/SUR1 channel. We thus suggest that the Kir6.2 and SUR subunits of K ATP channels are bidirectionally modulated by caffeine: the SUR subunit may serve as the target for caffeine-mediated K ATP channel stimulation and the common pore-forming subunit Kir6.2 (or some closely associated regulatory protein) as the target for channel inhibition by caffeine. The presence of dual functional modulation of K ATP channels by caffeine in different cell types implies that the signaling processes elucidated in the present study may represent common mechanisms important for K ATP channel regulation. The keen sensitivity of plasma-membrane K ATP channels to PDE inhibition may provide another level of therapeutic intervention, particularly since PDE-5 inhibition has been suggested as a cardiac preconditioning strategy (43) . Interestingly, chronic use of caffeine at low dosage has been reported to be neuroprotective (60, 69) . Since the K ATP channel functions as an important player in cytoprotection in the heart and brain, and these channels can be potently stimulated by caffeine, the neuroprotective effect of chronic caffeine use may, at least in part, involve K ATP channel activation. Last, since caffeine is widely used as an experimental tool to study intracellular calcium dynamics and Ca 2ϩ -dependent transduction pathways, the effects of caffeine on K ATP channels should be taken into consideration in the interpretation of experiments using caffeine in cell preparations that express K ATP channels.
